Interference of surface plasmon polaritons from a "point" source 
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The interference patterns of the surface plasmon polaritons(SPPs) on the metal 
surface from a "point" source are observed. These interference patterns come from 
the forward SPPs and the reflected one from the obstacles, such as straightedge, 
corner, and ring groove structure. Innovation to the previous works, a "point" SPPs 
source with diameter of 100 nm is generated at the freely chosen positions on Au/air 
interface using near field excitation method. Such a "point" source provides good 
enough coherence to generate obvious interference phenomenon. The constructive 
and destructive interference patterns of the SPPs agree well with the numerical cacu- 
lation. This "point" SPPs source may be useful in the investigation of plasmonics for 
its high coherence, deterministic position and minimum requirement for the initial 
light source. 



I. INTRODUCTION 

Surface plasmon polaritons (SPPs), collective oscillating electrons excited by electromag- 
netic field, have been studied for decades and a great of interest has been injected into this 
area. Such SPPs are involved in a wide range of phenomena l|,|2|, including nanoscale optical 
waveguiding Jj~-I> P er f ec t lensing extraordinary o ptical transmission jsl , subwavelength 
lithography [9], and ultrahigh sensitivity biosensing 10]. It has also been experimentally 
proved that SPPs are useful in the investigation of quantum information Ill4l3j|. To realize 
the full potential technology of plasmonics, we need to construct a general framework to de- 
scribe the propagation, diffraction, and interference of SPPs. The interference phenomenon 
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of SPPs has been studied in many works 14Hl8| , for example, a double-slit experiment with 
SPPs is presented, which reveals the analog between SPPs propagating along the surface of 
metallic structures and light propagating in conventional dielectric components jl7 |. 

In the investigation of plasmonics, a good source of SPPs is very important which proposes 
high demands on the exciting light source. Usually the SPPs are excited by far-field excita- 
tion using grating coupling or attenuated total reflection (ATR). The spots of the focused 
light always have the diameter bigger than half of the light wavelength due to diffraction 
limit. As we know, one of the most important properties of light source is the coherence, 
which is essential in the study of the interference. For a non-point source, the spatial co- 
herence is correlated with the size of source, such as the case in the double-slit interference 
experiment. Another standing problem for the SPPs source is the precisely generation of 



SPPs at designated positions of nanostructures[19|, |20|, which is very important in usage 
of plasmonic devices. In this paper, a "point" SPPs source is generated by a near-field 
scanning optical microscope (NSOM) probe with a diameter of few hundred nanometers, 
which is smaller than the wavelength of SPPs. With the benefit of the near field scanning 
method, the source can also be placed at any positions of the nanostructure precisely. The 
interference patterns between the forward SPPs and the reflected one from the obstacles, 
such as straightedge, corner, and ring groove structure are detected by another NSOM probe 
connected to an avalanche photo diode (APD). The "point" SPPs source makes the inter- 
ference pattern clear due to its small size. This new method will benefit the study of the 
plasmoincs where a SPPs source with high coherence and deterministic position is needed. 
Since the SPPs only propagate on the surface, the same as the wave on the water surface, our 
results may also be useful in the investigation of some fundamental physics by simplifying 
the model from three dimensional space to two dimensional space. 



II. RESULTS AND DISCUSSION 



In this literature, the intensity distribution of SPPs is studied by the near-field opti- 
cal measurements with MultiViewA000 TW scanning dual probe microscope/NSOM system 
(Nanonics Imaging Ltd., Jerusalem, Israel). This system allows for simultaneous atomic 
force microscopy (AFM) and NSOM imaging. A sketch map of our experimental setup is 
given in Figure 1. The SPPs is generated by a cantilevered aperture NSOM probe (di- 
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FIG. 1: (Color online) Schematic setup of the experiment for the near-field excitation and near-field 
collection of SPPs wave at Au/air interface. The inset 1 is the SEM picture of the ring-shaped 
groove and the inset 2 gives the cross section of the ring-shaped groove. 

ameter 100 nm or 500 nm), which is connected with a semiconductor laser with 670 nm 
wavelength using a single mode polarization maintaining fiber. The NSOM probe is coated 
with Cr-Au(0.02 and 0.2/im) to prevent light emitting from the side of the fiber cone and 
concentrate light to emit from the aperture. When the probe approaches the metal sur- 
face with the distance of only a few nanometers (called near field), the SPPs can be excited 



effectively [19|. This makes the light source small enough to be a "point" source which avoids 
the shortcomings that light diffract from the fiber cone with a big scatting spot |20|. A sim- 
ilar 100 nm width aperture NSOM probe scan the sample in collection mode to measure 
the field intensity associated with the interference pattern of the propagating SPPs waves. 
It is finally collected by a single photon detector (SPCM-15, PerkinElmer Optoelectronics, 
Canada). The metal plate used in our experiment to excite SPPs is produced as follows. 
After subsequently evaporating a 3-nm titanium bonding layer, a l/im thick gold layer is 
evaporated onto a 0.5-mm-thick silica glass substrate. An initial AFM scan of the sample 
was performed, which gave a root mean squared roughness of 2 nm. The gold layer is thick 
enough to avoid the excitation of SPPs on the interface of Au/Si02- 

Firstly, we discuss the relation between the visibility of interference patterns and the 
size of the "point" source. According to the coherence theory, the better the coherence 
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condition is met, the higher visibility of the interference fringes can be achieved. We test 
this by observing the SPPs interference phenomenon of a ring structure with different "point" 
sources size. The ring-shaped groove structure is produced with focused ion beam etching 
system (DB235 of FEB Co.), which has a groove depth of 215 nm, width of 200 nm and 
diameter of 10/zm(see inset of Figure 1). The SPPs is excited by the laser light of 670 nm 
wavelength through the excitation NSOM probe and another NSOM probe with diameter 
of 100 nm works on the collection mode to scan the sample and image the SPPs distribution 
on the metal surface. When the excitation probe approaches the metal plate, the excited 
SPPs propagate along the interface of the Au/air and strike the ring edge. According to 
the Huygens' principle, every point of the groove's edge can be regarded as a new "point" 
SPPs source, from which the SPPs form the interference pattern in the observed area. 
Two excitation NSOM probes with aperture diameters 100 nm and 500 nm are used and 
the NSOM images are given in Figure 2a and 2b respectively. The interference pattern 
in Figure 2a is much clearer than that in Figure 2b which confirms that a NSOM probe 
with smaller aperture produces a higher coherent SPPs source. Figure 2c gives the SPPs 
intensity distribution along the blue line in Figure 2a and 2b, which also shows an obvious 
difference between the two cases. For a further study, we also change the diameter of the 
ring to 5/im with the same excitation probe of lOOnm diameter. The NSOM image of the 
SPPs distribution is given in Figure 2d which possesses the same interference pattern but 
less clear. Since the probe with lOOnm diameter can act as a better "point" SPPs source, 
we use it to observe the interference patterns of SPPs in the following experiments. 

Besides the small size of the SPPs source, another benefit of our method is the deter- 
ministic source position. We can move the excitation probe to any positions of the sample 
by performing an initial AFM scan. This is illustrated by observing the interference phe- 
nomenon of the ring structure with different SPPs source positions, as shown in Figure 3a. 
The SPPs is excited at the positions of "b", "c", "e" and "g" along the red line, where "b" 
is the center of the ring, "c" and g are 2/zm inner and out of the ring structure and "e" 
is inside the ring groove. Another NSOM probe works on the collection mode to scan the 
area marked by dished square and image the SPPs distribution on the sample surface. The 
interference pattern changes with different excitation positions as shown in Figure 3b, c, e 
and g accordingly. A simple description is given as follows. When the excitation probe is put 
at the center of the ring structure (position "b"), the distance between the point source and 
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FIG. 2: (Color online) NSOM images of the SPPs distribution on the ring-shaped groove structure 
with ring diameter r and the excitation probe diameter d. (a) r = Wfim, d = lOOnm; (b) r = W/j>m, 
d = 500nm; (d) r = 5fim, d = WOnm. (c) The green line and red line correspond to the intensity 
distribution of SPPs along the lines in Figure 2a and 2b respectively. 

the ring structure is almost the same. A ring shaped interference patterns are observed as 
shown in Figure 3b. The inhomogeneity may come from the imperfect NSOM probe. This 
is verified by scanning a flat metal surface near the excitation probe (see the supporting 
information), which also give a similar asymmetric energy distribution. This ring shaped 
interference patterns change to curves when SPPs are generated at " c" . When the excitation 
probe move to position "g" , only the right part of the groove acts as new SPPs sources. The 
SPPs generated at the groove edge propagate from right to left as shown in Figure 3g. At 
the right part inside the ring, the fringe is curved since the wall of the groove is curved. 
While at the left part, especially nearby the groove, the interference pattern looks like grid, 
which is formed by the interference of the forward SPPs and the reflected ones from the left 
groove. More interestingly, the image is much clear when the excitation probe is put inside 
the groove as shown in Figure 3e. At this time, guiding SPPs are excited in the groove and 
transmit along the groove waveguide js}. The leakage parts from the groove edge act as new 
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sources. Obviously, the intensities of these new sources are much higher than the cases that 
excitation probe is outside the groove. This gives a brighter interference pattern. Besides 
the interference patters of the SPPs, an intensity peak appears at the center of the ring, 



because of the SPPs focusing effect of the ring-shaped groove [21]. Numerical calculations 
are also given for the cases that excitation probe is put the positions "c","e" and "g", as 
shown in Figure 3d, f and h. They are similar with the experimental results. 

To give a more clear picture of this interference phenomenon, we also use more simple 
metal structures, for example, a straight edge and a corner. We cut two cross slots on the 
gold film with the width of 30/zm, which is big enough to stop the SPPs coupling between 
two edges of the slot. The sample is excited at point S, as shown in inset of Figure 4a. 
Another NSOM probe (collection probe) scans the area of 5/im * 5^m marked by "b". The 
positions of the two probes and the distance between them can be controlled freely by the 
two SPM controllers of the M ultiView 4000™ system. The SNOM image is shown in Figure 
4b and the fringe is formed by the interference of the propagating SPPs and the reflected one 
from the vertical edge of the gold film, since the SPPs reflected from the farther horizontal 
edge can be neglected at this area. Figure 4d is the SPPs intensity distribution along the 
blue line in Figure 4b, which shows that the average period of the stripes is about 320 nm. 
This is half of the wavelength of the SPPs, which is 640 nm calculated from the function of 

^spp = ^o[( E d + £m)/ ( £ d£m)] (1) 

where \ spp and A are the wavelength of the SPPs and the light in vacuum, e d and e m are 
the real parts of the metal and dielectric permittivities, respectively. Next, the collection 
probe 2 scans the area of 6/zm * 6/zm marked by "c" with the excitation probe at position S 
as former. The SNOM image is shown in Figure 4c, in which we can see grids obviously. In 
this case, the distances between the scanned area and the two edges are about the same, so 
the SPPs waves reflected from the horizontal edge must also be considered. To give a simple 
description, we establish a two-dimensional coordinate system with the excitation position S 
as the origin on the surface of Au film as shown in Figure 4a. At an arbitrary point A(x, y), 
if we only consider the impact of the edge along the X direction, the interference comes 
from the two SPPs waves from the point S and its symmetric point S\ with the vertical 
edge. Obviously, the interference fringes should be parallel to the edge approximately and 
the period is given by \ spp /2 . Now, plus the impact of another adjacent edge, there are 
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FIG. 3: (Color online) (a) The schematic map of the ring-shaped groove and different excitation 
positions. (b),(c),(e) and (g) NSOM images of the SPPs distribution on the sample with excitation 
position at "b", "c", "e" and "g" along the red line shown in Figure 3a. (d),(f) and (h) Numerical 
calculations of the energy distribution corresponding to Figure 3(c), (e) and (g) respectively. 

four symmetric point sources with the two cross edges, S, Si, S2 and 5*3 as shown in Figure 
4a. The total electric field at point A is 

E a n = E (x,y) + E 1 (x,y) + E2(x,y)+E 3 (x,y) (2) 

where E (x,y), E 1 (x,y),E 2 (x,y) and E 3 (x,y) are the electric field of SPPs waves at point 
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FIG. 4: (Color online) (a) A two-dimensional coordinate system with S as the origin on the surface 
of Au film, the inset is a schematic of two cross slots on the Au film surface, (b)and (c) NSOM 
images of the SPPs distribution on the area marked by the square "b" and "c" respectively as 
shown in the inset of Figure 4a. (d) The intensity distribution along the line in Figure 4b gives a 
interference period of about 320 nm. 

A from "point" sources of S, S±, S2 and S3 respectively. This interference pattern is more 
complex than the case only considering the superposition of two waves. But in principle, 
the interference pattern should be grid in the area where the SPPs source from four sources 
have to be considered simultaneously. 

III. CONCLUSION 

In this literature, a "point" source is used to study the interference of the SPPs. The 
interference patterns of strip, grid and ring are observed on the metal surface. The inter- 
ference pattern appears more clear when the coherence condition is met better by using a 
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smaller SPPs source size. The success of the experiment is benefited from the use of the 
NSOM probe to excite the sample in the near field. This "point" SPPs source can be used 
in many areas for its high coherence, deterministic position and minimum requirement for 
the initial light source. 

A. Methods 

Preparation of Samples. The metal plate is prepared by subsequently evaporating a 
3-nm titanium bonding layer and a ljim gold layer onto a 0.5-mm-thick silica glass substrate. 
We cut two cross slots on the gold film with a width of about 30/im by the tip of a knife 
and then the corner and edges are formed. The ring shaped groove with depth of 215 nm, 
width of 200 nm and diameter of 10/xm was produced with focused ion beam etching system 
(DB235 of FEB Co.). 

SPPs Excitation and Detection. A semiconductor laser of 670 nm wavelength is 
connected to the cantilevered NSOM probe by a single mode polarization maintaining fiber. 
The polarization of the laser is controlled by a polarizer. The metal sample of two cross 
slots is excited at the point S by the excitation NSOM probe. The other similar NSOM 
probe with a 100 nm width aperture scans the areas of 5/zm * 5/im marked by "b" and 
Q[im*&nm by "c" respectively in collection mode and measures the field intensity associated 
with the interference pattern of the propagating SPPs waves. The position of the two 
probes and the distance between thems are controlled by the two SPM controllers of the 
MultiView 4000™ system. The collection NSOM probe is connected to a single photon 
detector (SPCM-15, PerkinElmer Optoelectronics, Canada) through another single mode 
polarization maintaining fiber. For case of the ring groove structure with a diameter of 
10/im, the experimental setup is the same as the former. The excited points change along 
the red line in Figure 3a and the collection probe scans the left part of the ring each time. 
We also scan a ring groove structure with a diameter of 5/im using the same method. 

This work was funded by the National Basic Research Programme of China (Grants 
No.2011CBA00200), the Innovation funds from Chinese Academy of Sciences, and the Na- 
tional Natural Science Foundation of China (Grants No. 10874163 and No. 10904137), Anhui 
Provincial Natural Science Foundation(Grants No. 090412053) and Science and Technolog- 
ical Fund of Anhui Province for Outstanding Youth(Grants No.2009SQRZ001ZD). 
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Figure SI show the NSOM image of the SPPs distribution on the gold plane near the point 
SPPs source without obstacles; Figure S2 show the NSOM images of the SPPs distribution 
on the the ring groove structure with a diameter of 5/im excited by the 670 nm and 633 nm 
wavelength laser respectively. 
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